Turbulent premixed flame, burning velocity, flame stretch rate, flame surface density, Markstein number.
The importance of thermo-diffusive influences was shown experimentally through the influence of Lewis number at increasing Karlovitz stretch factor on the normalised turbulent burning velocity by Abdel-Gayed et al. [1] . Asymptotic analysis attributed the changes to thermo-diffusive effects and possible flame extinctions at high flame stretch rates. The influence of the latter also featured in quantifications of a probability of burning, P b [2, 3] .
These approaches expressed the influences of the distribution of strain rates in the flow and the flame extinction stretch rate on the computed volumetric heat release rate in laminar flamelet modelling. Later it also embraced thermo-diffusive influences through the Markstein length, prior to any extinction [4] .
Flamelet modelling involving flame surface density, ∑ , initially emphasised the role of thermo-diffusive and stretch rate influences, rather than flamelet extinctions, on the deviation of effective laminar burning velocity from that of the unstretched laminar burning velocity, u l . The overall mass rate of turbulent burning was expressed by the product of a mean surface area, a, of the appropriate turbulent flame front, the turbulent burning velocity, u t , and the density, u ρ , of the initial mixture. This was equated to the volumetric mass rate of burning at the wrinkled flame surface, with ∑ integrated over the entire volume, V, of the reacting flame brush, giving:
Here, I o is a factor that allows for the influence of the stretch rate in changing the effective laminar burning velocity. Bray [5] derived an expression for the dependency of I o upon the laminar Karlovitz stretch factor and Markstein number. The probability of burning was related in [6] to the turbulent burning velocity that would exist in the absence of stretch rate effects, u to , by:
It follows from Eqs. (1) and (2) 
where A =∫ Σ , is the total flame surface area throughout the flame brush.
Measurements in lean premixed CH 4 /air flames on a low swirl burner by Shepherd and Cheng [7] confirmed the balance of the two mass burning rate expressions in Eq. (3).
Markstein numbers were close to zero, and I o close to unity. They were of the view that the flame surface measurements were the more simple to perform and these should be used to check theoretical models. More recently, with similar mixtures and equivalence ratios, φ , between 0.7 and 1.0, Meng Zhang et al. [8] have also, found values of Io close to unity from estimated 3D flame surface density measurements.
The direct numerical simulations, DNS, of Hawkes and Chen [9] and Dunstan et al. [10] , for unity and near-unity Lewis numbers, also showed values of I o close to unity, with no strong geometric dependence throughout the flame brush, and only a weak dependence on turbulent velocity. This is consistent with the regime envisaged by Damköhler, in which the increase in u t due to turbulence was predominantly attributed to increase in flame surface area [11] .
However, just as laminar flames are affected by non-unity Lewis numbers and non-zero Markstein numbers, turbulent flames also are affected by thermo-diffusive effects [12] . explosion flames in a fan-stirred bomb at the University of Leeds, and burner flames in the high pressure burner at Cardiff University. Theoretical calculations were made in the course of the study of P b 0.5 at different K for a datum Markstein number of zero.
The measured flame surface density is related to the mean reaction progress variable, c , by:
where k is the reciprocal of a wave length that expresses the spatial change in c . Values of k were found over the wide range of investigated conditions. Combined with those from other sources, these are able to give an improved understanding of turbulent flame structure.
Stretched Flame Analyses

Probability of Burning and the Turbulent Burning Velocity
Early generalisations of measured values of u t /u l were expressed first in terms of the product of Karlovitz and Lewis number of the deficient reactant, KLe [3] , then later, KMa sr [6, 13] . Latterly, it has proved necessary to separate K and Ma sr [17] [18] [19] . This was particularly so in the low K regime of unstable flamelets, in which flame wrinkling due to laminar flame instabilities interacts with the onset of very mild turbulence at low values of the rms turbulent velocity, ′ .
The instabilities increase with increasingly negative values of Ma sr . This is Regime A in Fig. 1 , which is reproduced from [17] , and shows U = k t u u ′ plotted against K for different Ma sr . Here k u′ is the effective rms turbulent velocity to which the expanding flame kernel is exposed. It increases as the kernel is exposed to an increasing range of turbulent wave lengths [17, 18] . . It is shown in [18] that:
where R l is the turbulent Reynolds number, based on ′ and the integral length scale, l. In the present work, there was a greater isotropy in the bomb than that in the burner turbulence. For the latter, mean values of both length scale and u′ were employed. There was no evidence of any incompatibility in the values of K found in this way from the two rigs.
The theoretical values presented in [6, 13] show P b 0.5 to be sensitive to changes in K and Ma sr , but much less so to independent additional changes in R l . This was confirmed experimentally, in [6] 
Values of the datum ( K , allowing for flame stretch rate and localised extinctions, computed in [13] are shown by the broken curves in Fig. 2 to be close to unity. However, it is apparent from Figs. 5 and 6 of [13] that the computed values of U under-estimate the measured values by about 10% as K approaches unity. To correct for this, the datum values of (P bo 0.5 ) K were correspondingly increased to the values shown by the full line curve in Fig. 2 .
, at different Ma sr and K, were then found from both the
in explosion flames [17, 18] and in burner flames [20, 21] . With the theoretical values of 
Flame Surface Density and k.
Experimental evaluation of ∑ entailed the use of thin planar optical sheets, within which seeded flame Mie images indicated the flame wrinkling. For both the spherical explosion and cylindrical burner flames, the spatial distribution of the contours of the mean reaction progress variable, c , was obtained from these images using the expressions of Lipatnikov and Chomiak [12, 22] , respectively. From Eq. (4), the total overall flame area, A, is given by:
and, from Eq. (3),
In the case of the explosion flames, the mean turbulent flame surface area, a for measuring the mass rate of burning is defined by c = 0.59 (17, 18) and hence a is known. With both burning velocities known, and ( value of c , as described in [7] .
Experimental Rigs and Methodology
The experimental pressures ranged up to 1.25 MPa and the temperatures up to 675K. Ranges of these for the two rigs, as well as of the fuels, equivalence ratios, and rms turbulent velocities, are given in Table 1 . Reference sources for Ma sr and u l also are given.
Experimental values of K ranged from 0.06 to 2.5, and of Ma sr from -11 to 5.
High Pressure Burner Experiments
The horizontal burner, shown in Fig. 3 , fired into an inner combustion chamber, enclosed within an optical pressure casing. The optically accessed combustion section was connected to a compressor and heat exchanger, allowing heated pressurised combustion air to be delivered at the required conditions. The inner combustion chamber, of 150 mm square section, had four internal quartz windows aligned with the outer casing, enabling extensive optical access to the combustion chamber. The fuel/air mixture was fed along a cylindrical tube into the combustion chamber. This was fitted with an annular methane diffusion flame pilot burner, to aid stability while adjusting the operating conditions. The pilot was switched off prior to taking measurements. The main burner was supplied with premixed fuels and air via a turbulence plate that generated uniform downstream turbulence. The fuel gas supply was connected to a mixing chamber upstream of this plate, along with the preheated combustion air, seeded with aluminium oxide particles for laser diagnostic measurements.
The gaseous fuel, combustion air, and seed air were measured simultaneously using Coriolis flow meters. Temperatures and pressures remained reasonably steady, with fluctuations not exceeding 5% of the target values.
Two laser-based measurement techniques were employed. Two-dimensional laser Doppler velocimetry was employed to measure the velocity profile and turbulence characteristics at the burner exit under the elevated ambient conditions [20] . The integral length scale of the turbulence varied from 7 to 15 mm at 0.3 MPa and from 2 to 8 mm at 0.7 MPa. Planar laser tomography quantified the turbulent flame characteristics. This technique was based on the density of the products being lower than that of the reactants. Consequently, upon reaction, the seed density decreased and the scattered light intensity fell. As the flame thickness is small, a clear demarcation was generated between products and reactants, which can be identified as the flame front. Images of the flame front were recorded using a Photron APXrs high speed camera, mounted perpendicularly, and synchronised with a pulsed (Nd:YAG)
sheet laser. For each experimental condition 1000 images were recorded. Each individual image was carefully filtered using morphological image processing techniques, compensated for background noise, and ultimately converted from greyscale to binary images.
Measurements of flame brush thickness and flame surface densities characteristics followed the methodology of Lachaux et al. [27] . The latter were obtained as a function of ̅ , derived from their contours, as described in [27] , by Shepherd and Cheng [7] . A progress variable The flame front area was found using the "statistical" method, whereby the flame front area was calculated using each individual binary flame image first. Then the average flame front area for each test was found using the statistical analysis. Subsequent comparisons showed the burner flame front location to be consistently close to ̅ = 0.5, which defines the surface area appropriate to the mass burning rate on burners [18] . More details of the image processing are available in [21] . Values of k were found between ̅ = 0.2 and 0.8, over which range they remained fairly constant. Typical flame images are shown in Fig. 4 . Turbulence velocities did not exceed 2.67 m/s, and there was little small scale wrinkling.
Fan-stirred Bomb Experiments
The spherical stainless steel, fan-stirred, bomb, shown in Fig. 5 , has three pairs of orthogonal windows of 150 mm diameter and has been described in [17, 18] . The four fans, arranged in a tetrahedron formation, were rotated by electric motors with independent speed control. The internal diameter is 380 mm and the maximum operational initial pressure was 1.5 MPa. The gaseous mixture was heated to 358K by a 3 kW electric heater, located at the wall. Initial gas temperature was measured with a sheathed chromel-alumel thermocouple. Four fans, each driven by an 8 kW electric motor, were located close to the wall of the bomb. They initially mixed the reactants and, at higher fan speeds, of up to 10,000 rpm, generated the turbulence.
The rms turbulent velocity increased linearly with the synchronized speed of the fans, and the integral length scale of 20 mm was independent of fan speed and initial pressure. Both were measured by laser Doppler velocimetry.
Liquid fuel was injected with a gas tight syringe, through a needle valve, and gaseous fuel was supplied directly. Pressures were measured by a Kistler pressure transducer. A central spark plug with ignition energies of about 23 mJ, was supplied from a 12 V transistorised automotive ignition coil. Further details are given in [18] .
Flame images were captured, by schlieren cine photography, to obtain flame speeds, recorded with a high speed Phantom digital camera, at up to 9,000 frames/s. Five explosions were performed and complete data sets obtained for each separate condition. For each explosion the mean flame radii, obtained from measurements of the projected flame area, were plotted against time. Simultaneous with schlieren photography, measurements of Mie-scattered light from a thin planar sheet differentiated between unburned and burned gas, in a similar manner to that for the burner experiments. These were obtained with a copper vapour laser from particles of less than a micron diameter. The images were recorded, at 4,500 frames/s, in synchronisation with the schlieren camera. Values of ̅ were found from the images [28] .
Experimental Results
Values of P b 0.5
Only the most negative values of Ma sr might be expected to be within the laminar/turbulent instability Regime A. Similarly, the present flame surface data are confined to Regime B.
Because the new experimental data produced no significant changes to those involving U, K
and Ma sr in Fig. 1 , the correlation law for U, developed in [17] for outside the unstable regime, continued to be employed, in the form:
For positive values of 
Values of k
The methods of derivation of k are described for both burner and bomb in Section 2. 
Discussion
The results from both rigs are compatible, with the stretch rate effects on turbulent burning velocity and 5 . 0 bMa P being similar. It is interesting that these basic combustion attributes seem to have little dependency on the detailed burner and bomb geometries. This aspect has also been noted, in all but V-flames, in the DNS of [10] . The large range of fuel mixtures and operating conditions for burner and explosion bomb, apparent in Table 1 A useful inter-linking expression, involving Eqs. (5) and (8), that introduces u t /u l , is: For both values of Ma sr increases in u t /u l, , and flame wrinkling, through A/a, are apparent.
However, in Fig. 11(a) , with positive Ma sr , for increases in K beyond 0.6, 0.5 , begins to decrease, ever more sharply, with increasing localised flame extinctions. As long as the effects of increasing flame wrinkling predominate over those of increasing stretch rate, then, u t /u l increases. This balance is different in Fig. 11 As local extinctions increase with increasing K, 0.5 continues to fall, and u t /u l would be expected to pass through a maximum in Regime C, which is not entered in the present study.
The flames become highly convoluted with increasing K and lose coherence, with wisps of flame appearing in dispersed regions of lower stretch rate, Eq. (3) representing the c wave length in terms of laminar flame thicknesses. When k values in the unstable Regime A were normalised in this way, which was also employed in [32] , the scatter with this normalisation was reduced, in comparison with that with k, as a result of the decrease in δ with increasing pressure [33] . This procedure was repeated with the present data, and also was applied to those from other researchers, and the results are presented in [13] . Open circle symbols derived experimentally from [20] . [13] . Open circle symbols derived experimentally from [20] . [17, 18, 29] , open circle symbols, derived from burner [20] . 
